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Hydrogenation of ethylene on a Co-Mo/AI 20 3 catalyst at 353 K and atmospheric pressure has 
been studied. The unsteady-state method was used, in which reactor feed-rate and feed-composi­
tion were changed in a defined way. The analysis of transient response curves proved negligible 
adsorption of hydrogen and ethane and confirmed the reaction mechanism of ethylene hydro­
genation which involves reaction of adsorbed ethylene with hydrogen from gas phase in the rate 
determining step. Combined stationary and transient experimental data were used to calculate 
kinetic parameters: rate constant of ethylene hydrogenation, total concentration of active sites 
on the catalyst surface and equilibrium adsorption coefficient of ethylene. 

Discrimination between rival kinetic models based on data obtained by steady-state 
measurements results frequently in a group of statistically indistinguishable kinetic 
equations. In such a case, one needs additional independent experimental informa­
tion that can be obtained e.g. by the study of reaction under transient (unsteady­
-state) conditions. Transient experimental data can provide valuable information 
concerning not only the decision between rival models but also the determination 
of adsorption properties of reaction components under catalytic reaction conditions. 

In the present work we report on the hydrogenation of ethylene on commercial 
cobalt-molybdenum catalyst CHEROX 36-01 which was performed in a continuous 
flow stirred tank laboratory reactor (CSTR) at 353 K and atmospheric pressure. 

THEORETICAL 

Hydrogenation of ethylene on cobalt-molybdenum catalyst. Previous kinetic 
studies1 •2 of ethylene hydrogenation on CHEROX 36-01 catalyst showed that the 
rate of ethylene consumption can be expressed by the equation 

(1) 

which was derived for the case that adsorption of hydrogen and of ethane is negligible 
and adsorbed ethylene reacts with hydrogen from gas phase in the rate determining 
step. 
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Balance equatiolls. Quantitative evaluation of experimental data is based on the 
material balance of unsteady-state catalytic reactor. For negligible adsorption 
of at least one reaction component, the material balance procedure can be used to 
determine concentrations of components adsorbed on the catalyst surface under 
steady-state reaction conditions3 • 

Let us suppose that hydrogenation of ethylene (Eq. (2)) 

(2) 

takes place in a continuous flow stirred tank reactor. At time t = 0, the feed composi­
tion is step-changed and the new steady-state is achieved at time t = ts' The material 
balance of the transient period (i.e. for t E (0, ts» has the following form 

i = A, E, H, 

(3) 

where F~ is the molar feed-rate of component Ai into the CSTR and F is the total 
molar flow-rate of the reaction mixture out of the reactor, Yio' Yi and Yis are mole 
fractions of component Ai at the start, in the course and at the end of the transient 
period, respectively, Ri is the rate of formation of component Ai' W is the catalyst 
weight, V is the reactor free volume, c is the total molar concentration of reaction 
mixture, and qio, qis are the surface concentrations of adsorbed component Ai at the 
start and end of the transient period, respectively. 

The molar flow-rate out of the reactor, F, is not constant during the transient 
period. The time dependence of F can be determined from dynamic balance equations 
of the CSTR gas phase 

F? + Wair = Fi + cV(dy;jdt) , i = A, E, H, (4) 

where r is the reaction rate, ai is the stoichiometric coefficient of component Ai 
(aE = aH = -1, aA = 1). If one of the starting reaction components (ethylene or 
hydrogen) is chosen as the key component (i = k, ak = -I), the following equation 
can be written for the isobaric reactor4 

(5) 

where y~, Yk are mole fractions of the key component in the feed and outlet of the 
reactor, respectively, and FO is the total molar feed-rate into the CSTR. Eq. (5) ex­
presses the desired time dependence of molar flow rate at the reactor outlet, F(t), 
which can be substituted into the second term of balance equations (3). 

Collection Czechoslovak Chern. Commun. [Vol. 511 [19861 



2762 Samkova, Kl usaeek, Schneider: 

From the reaction stoichiometry (2) it follows that the rates of formation, R j • 

are interrelated as follows 

(6) 

In the case of ethylene hydrogenation on the Co-Mol Al 20 3 catalyst, hydrogen 
adsorption can be neglected 1 ,2 and thus 

Combination of Eqs (3), (6), and (7) gives the simplified balance equations 

ethylene: 

(7) 

F~ts - IOFYE dt + W IORH dt + cV(YEo - YEs) + W(qEo - qEs) = 0; (8) 

hydrogen: 

f to flo 
F~ts - 0 FYH dt + W 0 RH dt + CV(YHO _. YII.) = 0 (9) 

:.tnd ethane: 

The set of balance equations (8)-(10) contains three unknown terms: 

W g" RH dt, W(qEO - qES) and W(qAo - qAS)' The other terms include only directly 
measurable quantities, and the total molar flow-rate at the CSTR outlet, F, is given 
by Eq. (5). 

If the feed is step-changed from pure hydrogen to reaction mixture containing 
hydrogen and ethylene, then qjo = 0 (i = A, E). The set of three balance equations 
(8)-(10) then includes three unknown parameters f~ RH dt, qEs' and qAs' Similarly, 
if the feed is step-changed from a mixture containing hydrogen and ethylene to pure 
hydrogen, qjs = 0 (i = A, E), and the set of balance equations (8)-(10) includes 
the unknowns go RH dt, qEo' and qAo' In both cases, surfa('e concentrations of ethylene 
and ethane under reaction conditions, qEs and qAs' can bt determined. These surface 
concentrations correspond to equilibrium between the amount of compound adsorbed 
on catalyst surface and the gas-phase composition in the steady-state following the 
transient period. 
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EXPERIMENTAL 

Catalyst. According to the producer (Chemical Works, Litvinov), the cobalt-molybdenum 
catalyst CHEROX 36-01 contains 14'1% Mo03 and 3'55% CoO. Its textural properties are 
given in Table I. The catalyst was crushed to 0'16-0'25 mm size for which the internal diffu­
sion effect can be neglected1. After filIing the reactor, the catalyst was reduced in a stream of 
hydrogen at 773 K for 6 h. Between measurements, the catalyst was kept in the reactor in 
hydrogen stream. Prior to experiments. the catalyst was reactivated at 773 K. Each day. 
catalyst activity was checked by a run under standard conditions. For kinetic measurements, 
one catalyst charge was used for 4 days. 

Apparatus. The apparatus is schematically shown in Fig. 1. Ethylene, hydrogen. ethane, and 
nitrogen pass through regulating valves 1 to gas purification 2. The gas flow rate was measured 
by capillary flow meters 3. Feed-streams of differing compositions were interchanged by four 
manually operated switching valves 4. The reactor 5 is made of stainless steel and is partially 
filled with the catalyst. The stirring is ensured by vibrational movement of the reactor, the catalyst 
being fluidized and the reactor bulk being efficiently stirreds. The reactor temperature was 
controlled by a temperature controller and measured by a thermocouple (Fe-Ko) 7. The reaction 
mixture composition in reactor outlet was analysed by gas chromatograph 8 with a thermal 
conductivity detector. The chromatographic conditions: stainless steel column (Ienght 90 cm, 
i.d. 2 mm) packed with Spherocarb 80/100 mesh, column temperature 155°C. Hydrogen was 

TABLE I 

Textural properties of CHEROX 36-01 catalyst 

Specific surface (BET), m2 g-1 
True density, g cm- 3 

Apparent density, g cm- 3 

Volume of pores, cm3 g-1 with radii 7'5-7 500nm 
Most frequent pore radius, nm 
Porosity 

FIG. 1 

Apparatus scheme 
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used as carrier gas; flow rate 65 cm3 min -1. The gas mixture was injected into the chromatograph 
by a sampling valve of special construction6 which made it possible to collect samples in very 
short time intervals and stored them for analysis. The signal from thermal conductivity detector 
was transmitted to integrator 9 with printer 10. 

Adsorption and kinetic experiments. In adsorption measurements, adsorption properties of 
reaction components (ethylene. hydrogen and ethane) were followed separately. For each com­
ponent. the response to step-replacement of nitrogen in the reactor feed by the same flow-rate of 
the component investigated was measured and then the response to the step-replacement of the 
component by nitrogen after the establishment of steady-state. The adsorption measurements 
were carried out at 353 K. 

In kinetic measurements. ethy lene of known feed-rate was step-added to the stream of hydrogen 
entering the reactor. After the steady-state attainment. the etylene stream was cut-off so that the 
reactor was flushed only with hydrogen. The reverse experiment. i.e. addition (and cut-off) of 
hydrogen to the ethylene stream. was not used since preliminary experiments showed that catalyst 
activity rapidly decreases in the absence of hydrogen. Kinetic measurements were carried out at 
353 K for different ethylene/hydrogen molar ratios and for several W/F~ values. 

RESULTS AND DISCUSSION 

Adsorption measurements were performed for all the components of the reaction 
mixture (ethylene, ethane, hydrogen) separately: the reactor response to step-inter­
change of nitrogen feed-stream for pure component feed-stream with identical F? 
was followed; after attainment of steady-state, the response to the reverse process, 
i.e. step-interchange of component feed-stream for nitrogen feed-stream, was fol­
lowed as well. The transient response curves for ethylene, ethane, and hydrogen are 
shown in Fig. 2. The different shape of the curves indicates that ethylene is the 
substance adsorbed preferentially on catalyst surface. By contrast, the response for 
hydrogen is nearly the same as that for inert nitrogen, not adsorbed on the catalyst 
surface (the curve for nitrogen coincides with that for hydrogen in Fig. 2). The 
adsorption and desorption responses of ethane lie between those of ethylene and 
hydrogen, ethane being thus weakly adsorbed. 

Qualitative conclusions concerning adsorption of individual components were 
confirmed by adsorbed concentrations, qj (i = A, E, H), from balance equations 
(8) - (10). The source term n· RH dt is zero for adsorption experiments as no reaction 
takes place on the catalyst surface. The results of calculations are summarized 
in Table II. From numerical evaluation of transient response curves it follows that 
significant adsorption is observed only for ethylene, adsorption of ethane is weak, 
and adsorption of hydrogen - in agreement with earlier works 1.2 - is negligible. 

In kinetic measurements, stream of ethylene of known volumetric feed-rate was 
step-added to steady feed-stream of hydrogen. After a new steady-state had been 
established, the ethylene feed-stream was cut-off. Conditions for kinetic experiments 
are summarized in Table III which presents also data on reaction rate r. and hydrogen 
conversion Xli. after steady state establishment. The steady-state conversion was 
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TABLE II 

Results of adsorption experiments (Pi = 100 kPa) 

TABLE III 

Component, i 

Hydrogen 
Ethane 
Ethylene 

Results of steady-state kinetic measurementsa 

WIF8·1O- 1 

g s mmol- 1 

4'6 
19'5 
11'5 
9'4 
5-8 

y~ 

0'50 
0'20 
0'35 
0'50 
0'50 

yg 

0'50 
0·80 
0'65 
0'50 
0'50 

0'079 
0'365 
6'689 

xH. 

0'82 
0'92 
0'93 
0'89 
0'86 

~~ -~----- ._-

a Reactor pressure 110 kPa. 

r • . 103 

mmol g-1 S-1 

17·7 
4·7 
8·1 
9'5 

14·8 

101--=;;g.~r=t<=f--~-~---r--n 
y, 

0.8 

0.6 

a b 
0.4 

0.2 

o 120 160 

t,5 
FIG. 2 
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Composition response curves in adsorption (a) and desorption (b) measurements; T = 353 K, 
FO = 1 cm3 s -1, W = 4'336 g; 0 hydrogen, () ethane, • ethylene 
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calculated from the equation 

(11) 

and reaction rate according to the relation 

rs = xHs/(WIF~) . (12) 

Examples of step-changes of feed composition and corresponding transient response 
curves are shown in Fig. 3. For determination of surface concentrations of reaction 
components, balance equations (8)-(JO) in combination with Eq. (5) were used, 
hydrogen being the key component. The shape of response curves shows that the 
transient period after ethylene addition is several times longer then after its cut-off. 
When compared to other terms of Eqs (8) - (10), the terms F? - S~· FYi dt, i = A, E, 
H acquire values by a factor of ten higher. Therefore, determination of surface 
concentrations of adsorbed components would not be precise enough. For that reason, 
these concentrations were evaluated from material balances of the transient periods 
after ethylene stream cut-off. The solution of balance Eqs (8)-(10), with the use 
of assumption (7) about negligible adsorption of hydrogen, proved the insignifkant 
adsorption of ethane compared to ethylene, in accordance with results of adsorption 
experiments. The calculated surface concentrations of ethylene in steady-state, qEs' 
are given in Table IV, along with corresponding partial pressures of ethylene, PEs. 

lOrr-----.---.-----.---.---.---.---.--=..---, 

b 

40 
t,s 

FIG. 3 

Composition response curves in a kinetic experiment; 0 hydrogen, () ethane. _ ethylene; a 
ethylene step-added to steady hydrogen stream (yR = y~o = 0·5). b ethylene step-closed (YR = 1); 
T= 353 K, W/F1l = 46 g s mmol- 1• W= 4·301 g 
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Provided that hydrogenation of ethylene proceeds according to the scheme 

E + S ~ ES 

ES + H -+ A + S, 

2767 

(13) 

(14) 

where S is the active site on catalyst surface, the rate of ethylene hydrogenation is 
expressed by the relation 

(15) 

TABLE IV 

Combined results of stationary and unsteady-state measurements 

16 

r •. 103 

mmol/(gs) 

8 

FIG. 4 

rs. 106 PHs 
mol g-l s-1 kPa 

17·7 15·0 
4·7 2·0 
8·1 4·1 
9·5 10·0 

14·8 12·0 

2 4 
qEa PH.' 101 (mmol.kPa/g) 

Dependence of reaction rate. r.. on the 
product qEsPHs 
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PBs qBs· 105 
kPa mol g-l 

15-8 3·2 
61·0 5·8 
35·2 5·0 
10·0 2·4 
13·9 3·4 

FIG. 5 

Adsorption isotherm of ethylene under 
reaction conditions; T = 353 K (the point 
PBs = 100 kPa was obtained from adsorption 
experiment) 
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Steady-state rates, rs' are listed in Table IV, along with corresponding hydrogen 
partial pressures, PHs' The validity of Eq. (15) and thus also of mechanism (13), (14) 
is documented by linear dependence of "s on the product qEsPlls (Fig. 4). The rate 
constant of hydrogenation of ethylene at 353 K calculated from the slope of this 
linear dependence is k = 3'6.10- 2 kPa- 1 S-I. 

The mechanism of ethylene adsorption (13) corresponds to the form of the ad­
sorption isotherm 

(16) 

By using the corresponding pairs qEs and PEs (Table IV), adsorption coefficient 
of ethylene KE = 4'7.10- 2 kPa- 1 and total concentration of active sites L = 7·5 . 
. 10- 5 mol g-1 were calculated. The qEs vs PEs dependence calculated with these 
parameters is shown in Fig. 5. Total active sites concentration L corresponds to 
2. 1017 Mo atoms per 1 m2 of the catalyst. It was independently found by oxygen 
adsorption that for the CHERO X 36 - 01 catalyst this value lies between 7 0·7 . 10 16 

and 5 . 1016 active Mo atoms per m2 • With regard to the relatively small set of treated 
experimental data, the agreement between results of both methods can be regarded 
as satisfactory. 

Summarizing, hydrogenation of ethylene on the cobalt-molybdenum catalyst 
CHEROX 36-01 has been studied at 353 K and atmospheric pressure. The unsteady­
-state experimental technique was applied, in which feed-composition and feed-rate 
were changed in a controlled way. Responses of the catalytic system to these per­
turbances were determined experimentally as time profiles of composition of reaction 
components in the reactor outlet. 

The qualitative and quantitative analysis of transient response curves confirmed 
that adsorption of hydrogen and ethane is negligible. Material balances for transient 
periods were used to evaluate surface concentrations of adsorbed ethylene under 
steady-state reaction conditions. Combination of unsteady- with steady-state data 
made it possible to verify the reaction mechanism of ethylene hydrogenation, in­
volving reaction of adsorbed ethylene with hydrogen from gas phase in the rate 
determining step. The rate contant· of the surface reaction has been determined 
(k = 3·6 . 10- 2 kPa - 1 s - I). The following quantities were calculated from the 
adsorption isotherm of ethylene: adsorption coefficient of ethylene (KE = 4·7 . 
. 10- 2 kPa- 1), total active sites concentration (L = 7'5.10- 5 mol g-l), and con­
centration of active Mo atoms (2 .1017 Mo atoms m- 2). 

LIST OF SYMBOLS 

ai stoichiometric coefficient of component i 
c total molar concentration 
F total molar flow rate 
Fi molar flow rate of component i 
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k rate constant 
K j adsorption coefficient of component i 
L total active sites concentration 
Pj partial pressure of component i 
qj surface concentration of component i 

r reaction rate 
R j rate of formation of component i 
S active site on catalyst surface 
t time 
V reactor free volume 
W catalyst weight 
x conversion 
y mole fraction of component i 

Subscripts 

for component (i = A ethane, i = E ethylene, i = H hydrogen) 
k key component 
o steady state before the start of the transient period 

steady state after the end of the transient period 

Superscripts 

o reactor inlet 
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